Magnetic resonance imaging (MRI) has revolutionized many areas of body imaging. As a noninvasive, nonirradiating imaging tool, interest has steadily been developing as to the specific role of MRI in breast imaging, and whether this modality can assist with early detection and hopefully subsequently decrease the mortality of breast cancer.
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Mammography has long been used for early detection of and screening for breast cancers. With optimal technique and patient conditions, it has a reported sensitivity between 69% and 90% and a specificity between 10% and 40%. Many factors, including density of breast tissue (ie, younger patients, implants, and post surgical state) can affect these values. Ultrasound has been used as an adjunct to mammography, with particular value in differentiating cystic from solid lesions and in facilitating guided biopsy of suspicious areas. However, ultrasound has limitations, including the possibility of missing microcalcifications [associated with ductal carcinoma in situ (DCIS)] and difficulty in ensuring that the entire breast was imaged with the transducer. 1 Mammography alone is believed to miss between 10% and 30% of all breast cancers. Possible reasons may include density of breast parenchyma (as mentioned above), poor technique and positioning, error by the reading radiologist, and slow growing breast cancers. Although certain strategies, such as computer-aided detection (CAD) and/or rereading by another radiologist has been used in some cases, the impact on detection of breast cancer is variable.
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History Contrast-enhanced MRI, which began to be used in the area of breast imaging in the 1980s, demonstrated a high sensitivity for invasive cancers. Other noted benefits included the ability for 3-dimensional imaging and the fact that imaging was not as limited by dense tissue. It was noted that this modality was able to detect cancers in which the screening mammogram was negative. Excitement generated by these preliminary findings led to a plethora of clinical pilot studies in the 1990s, with results that demonstrated the expanded value of MRI in breast imaging, including promise in the detection of early invasive breast cancer in high risk women. 4 Over 20,000 patients have been studied in Europe and the United States, and it is believed that MRI is the most sensitive method to detect invasive breast cancer and that it can detect lesions in mammographically negative patients in up to 37% of cases. 5, 6 Mechanism of Action T1-and T2-weighted MRI images alone are not useful for the screening or diagnosis of breast cancer. Although breast lesions would be able to be visualized on MRI, the differences in T1 and T2 with regard to benign and malignant changes is not significant, and therefore, one would get many false positives. However, contrast-enhanced MRI has been shown to assist with the differentiation of benign and malignant lesions because of tumormediated angiogenesis. 1 The contrast agents used are gadolinium chelates. [As opposed to the contrast agents used in computerized axial tomography scanning, these agents are not iodine based. Some believe that there may be decreased nephrotoxicity with these agents, although there have been reports of such side effects. As such, renal failure is a relative contraindication, as well as pregnancy and breastfeeding. [7] [8] [9] [10] ] Generally, for tumors to grow more than 2 to 3 mm in size, they have to secrete proangiogenic factors. Higher grade tumors are usually associated with increased vascularity. Most breast cancers will show increased enhancement (70% or greater increase in signal intensity) within 5 minutes of administration of intravenous gadolinium. The degree of enhancement is thought to be proportional to the vascularity and hence the suspected grade of the tumor. 2, 5 Benign tumors, however, may also enhance. By taking note of the enhancement as a function of time, one can distinguish, in many cases, between benign and malignant lesions. The microvasculature of malignant lesions tends to be more haphazard, with increased capillary permeability and connections between the arteriolar and venular systems, bypassing the capillaries (ie, arteriovenous shunts). This leads not only to quicker enhancement but also quicker washout times, ie, the time it takes for clearance of the contrast material from the lesion.
Some have categorized the enhancement intensity versus time curve into 3 groups. Type I curves are characterized by a gradual increase in enhancement over time. This is supportive of a benign lesion. Type II curves are characterized by a rise in enhancement intensity followed by a plateau and can represent either benign or malignant lesions. Type III curves are the classic washout curves; a rapid rise in enhancement followed by a decreased intensity of enhancement, usually indicating malignancy. 11 It is important to recognize caveats to the enhancement guidelines above. DCIS lesions are more commonly missed on MRI. This is due in part to the fact that DCIS lesions are less dependent on angiogenesis because they can get their nutritional supply via diffusion. Hence, DCIS lesions are less likely to enhance compared with other types of breast cancers. Furthermore, comedocarcinoma variants of DCIS are more likely to enhance than other subtypes. The histology of comedocarcinoma implies that central necrosis is occurring, hence impairing the nutritional supply. Increased angiogenesis is therefore required for further growth. 1, 11 The other major caveat is that these are general guidelines-benign lesions may sometimes resemble type III curves, whereas malignant lesions may resemble type I curves.
Quality of Results
There are several factors that influence the accuracy and quality of MR imaging of the breast.
Technique
One of the most important factors in enhancing the sensitivity of MRI of the breast has to do with technique. A few simple steps can dramatically improve the quality of the images obtained. The use of dedicated breast coils is one of these means ( Figure 1 ). It is preferable to use a double breast coil as opposed to using a single coil to image both breasts. The coils apply gentle compression on the medial and lateral surfaces of the breast to decrease motion artifact. The breast should be placed in the center of the coil. Another factor that reduces artifact is the positioning of the patient. The patient should be prone, as this decreases the amount of respiratory motion artifact. The breast should be pulled as far away from the chest wall as possible. 1, 5, 11 Slice Thickness It is important to be able to measure lesions that are Ն5 mm. Therefore, the slice thickness should be less than that, otherwise, one may have partial viewing of the lesion. To adequately visualize these lesions, the slice thickness must be between 2 and 4 mm with no gaps between the slices. Slice thickness also affects resolution, with smaller thickness parameters (ie, Ͻ2 to 3 mm) leading to increased resolution and improved detection rates, especially of early cancers, which can grow along ducts in the breast with a diameter of only 1 to 2 mm.
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Fat Supression
Fat suppression is an important aspect to MRI of the breast, even whereas many of the patients who have MRI may be younger and thus have a decreased proportion of fat tissue (stromal tissue is replaced by fat as patients age). 12 High fat density can obscure areas of contrast enhancement. There are several methods of fat suppression. One is image subtraction (ie, subtracting the precontrast image from the postcontrast image), which can be helpful in subtracting the fat signal. However, this requires absolutely no patient movement between the precontrast and postcontrast images. If there is patient movement, the resulting image quality will be unacceptable. 13 Other potential mechanisms of fat subtraction include automatic or manual chemical suppression in which the signal strength of the fat is detected automatically or manually by the operator and removed from the image.
Speed
The speed of image acquisition is important in breast MRI. It is important to obtain postcontrast injection images within 1 to 4 minutes to differentiate potential malignant uptake from delayed enhancement of normal glandular tissue. This is because normal breast tissue enhances over approximately 10 minutes; therefore by 10 minutes, it may be difficult to detect a cancerous lesion. 1 This seems to compete with the need for increased spatial/image resolution (to increase the sensitivity of detection), which increases the time of imaging. However, with increases in field strength and rapid gradients, it is becoming increasingly possible to obtain adequate spatial and temporal resolution quality. 13 Some ultra-fast protocols have achieved sensitivities of 95% and specificities of 86%. However, these protocols have a much lower sensitivity for the detection of low grade DCIS.
14
Timing of the MRI and the Menstrual Cycle
The ideal time for MRI of the breast is approximately between day 5 and 15 of the menstrual cycle, 5 because the luteal phase of the menstrual cycle with the associated increase in estrogen and progesterone leads to the stroma being edematous with development of the lobules. 1 This leads to increased enhancement during the luteal stage of the menstrual cycle, with the enhancement being maximal 7 days before menstruation.
1 Therefore, breast MRI should not be performed during this time, but rather, between day 5 and 15, long enough after the luteal phase to decrease any residual enhancement. 
Guidelines for Interpretation
The interpretation of breast MRI has been standardized to some degree by the Lesion Diagnosis Working Group Project. 15 Interpretation of MRI images depends on 2 factors, the morphology and the margins. The lesion may be described as round, oval, lobulated, irregular, or stellate. The margins of the lesion may be described as smooth, scalloped, irregular, or spiculated. Margins that are smooth are associated with a 95% negative predictive value for carcinoma, ie, they are probably benign. Lobulated margins have a 90% negative predictive value for carcinoma. On the other hand, irregular margins are associated with an 81% positive predictive value for malignancy, and spiculated margins are associated with a 90% positive predictive value for malignancy.
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The second part of the interpretation is the pattern of enhancement. The pattern of enhancement may be described as homogenous, heterogeneous, rim pattern (ie, peripheral enhancement), enhancing internal separations, or nonenhancing internal separations. In addition, one may have foci of enhancement, ie, a small area of enhancement without any mass or space occupying lesion. This may or may not represent an area of malignancy.
Linear enhancement may suggest DCIS. Nonenhancing masses as well as masses with nonenhancing septations can also be present, but these tend to be benign lesions. Analyzing lesions by morphology, margins, and patterns of enhancement is sometimes referred to as morphologic analysis.
The third part of the interpretation, as mentioned above, is the enhancement intensity versus time curve, with malignant tumors tending to have fast enhancement with fast washout, and with benign lesions tending to have a gradual increase in enhancement. Analysis of breast MRI using these factors is sometimes referred to as kinetic or dynamic analysis.
Limitations of MRI in Breast Imaging
Some of the limitations of the use of MRI in breast imaging were alluded to earlier. These include the enhancement with the luteal phase of the menstrual cycle. In addition, the use of hormone therapy in postmenopausal women may lead to enhancement. Enhancement may be either focal or diffuse. In such cases, it may be necessary to repeat the MRI examination 2 or 3 months after stopping hormone therapy to obtain optimal results. 1, 5 Another limitation of MRI is that in some instances, various benign conditions of the breasts can be difficult to distinguish from malignant lesions-in other words, the guidelines are not clearcut. Such processes as fibrocystic disease of the breast, fibroadenomas, sclerosing adenosis, atypical hyperplasia, lobular carcinoma in situ (LCIS), and breast papillomas can all produce contrast enhancement patterns that are hard to distinguish from malignant processes. In addition, some benign processes such as proliferative dysplasia, inflammation, wounds, and benign tumors can enhance in a similar fashion to malignant tumors. MRI should not be performed on those patients who have known benign breast tumors or proliferative changes that would show an enhancement pattern on MRI. 1, 5, 11 Furthermore, MRI may miss some cancers, especially ductal carcinoma in situ and invasive lobular cancers. The sensitivity of MRI for DCIS varies depending on the study, but ranges from 40% to 100%. 1 There are various reasons for the variable sensitivity, some of which were alluded to earlier. This includes the fact that DCIS may be able to rely on nutrition through diffusion and therefore is able to rely less on proangiogenic factors until they are larger. DCIS often presents on mammography as microcalcifications, which MRIs do not detect. Because of the problem of MRI detecting DCIS, MRI does not necessarily help to narrow the differential when microcalcification is identified on mammography. These patients should therefore proceed straight to stereotactic biopsy. DCIS is frequently picked up on mammography because of microcalcifications. 1, 5, 14, 16 Invasive lobular carcinoma is another type of breast cancer that may be more difficult to detect on MRI than other types of breast cancers. 14 The use of MRI after breast surgery is valuable in that it may help detect residual cancers in patients with positive margins as well as cancers originating at the lumpectomy site (which is where most recurrent cancers originate from) better than with conventional mammography. This is primarily caused by limitations secondary to scar formation. However, the inflammation and subsequent formation of granulation tissue at the scar site leads to an enhancement pattern on MRI that would be difficult to differentiate from a possible recurrence. Therefore, the recommendation is that an MRI should not be performed until at least 1 month after surgery to reduce the number of false positive results. 14, 16 With MRI of the breast after irradiation therapy, the inflammation associated with the radiation therapy leads to enhancement of the tissue. It is not possible to distinguish between postirradiation enhancement and tumor until approximately 9 months, and may be difficult in some patients until 18 months.
14 One should therefore wait at least 9 months, at which most of the breast tissue that would have enhanced earlier would have been replaced by fibrosis. MRI is also useful to assess responses to neoadjuvant and/or primary chemotherapy. However, it should be noted that MRI tends to underestimate the residual tumor. This may be because of chemotherapy induced decreases in vasculature and permeability, leading to decreased and/or altered patterns of enhancements. However, as noted below, MRI is still useful in this situation because MRI can detect an insufficient response earlier than other modalities.
In patients with mammographically identified lesions that are easily accessible to core biopsy, those patients should also proceed straight to biopsy. Core biopsy has a similar sensitivity but higher specificity when compared with MRI. There is also a notable cost difference between these 2 procedures.
Current Uses of MRI in Breast Imaging
Methods
To identify specific clinical studies involving the various uses of MRI in breast imaging, the authors searched MEDLINE using the search terms listed in Table 1 . Preference was given to prospective studies, and case studies were excluded.
Staging of Breast Cancer/Involvement of Pectorals
A number of studies (Table 2 ) have examined the utility of MRI in staging patients who have known breast cancer. [17] [18] [19] [20] [21] [22] [23] [24] In patients with already diagnosed breast cancer, the use of MRI may help to provide optimal therapy for patients. MRI has been shown to be more accurate compared with mammography or ultrasound in detecting the size and extent of the lesion. 16 In addition, MRI is useful in the identification of multicentric disease, which may have an impact on the type of therapy, eg, radical mastectomy versus more conservative surgery.
The sensitivity of MRI in detecting multicentric disease ranges from approximately 89% to 100% with bilateral imaging to 95% to 100% with unilateral imaging. The specificity of excluding multicentric disease ranges from 82% to 97%. Note that the specificity of MRI for multicentricity is actually less than mammography, meaning that there are more false positives. 1, 5, 16 MRI is helpful in detecting pectoral muscle and chest wall involvement of breast cancer. Although involvement of the pectoral muscle does not increase the stage from T3 (T4 is when the serratus or intercostals muscles are involved), it might affect surgical therapy. Nipple involvement, which is important to know when planning subcutaneous mastectomy or breast conserving surgery, can also be clarified with MRI. Ohmenhauser demonstrated a sensitivity of 80% with regards to MRI identification of nipple involvement.
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Residual/Recurrent Disease after Treatment MRI is useful for detection of residual disease after treatment (Table 3) . [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] The authors cite a number of studies demonstrating the value of MRI in this arena of imaging. MRI has been shown to be more sensitive and more specific (in certain studies) than other imaging modalities, and has been shown to more accurately correlate with post surgical pathology. As stated above, MRI should be done at least 1 month after surgery to reduce false positives due to enhancement caused by granulation tissues. MRI can also be used to diagnose recurrent disease after breast conserving surgery and irradiation, whereas one would ideally have to wait at least 9 months. MRI is also useful in early detection of residual disease after chemotherapy.
1,5,16
Fischer et al compared 2 groups of patients, one who had MRI before surgery and the other group Frei et al. 40 Retrospective Patients with excisional biopsy 68 MRI sensitivity/specificity/PPV/NPV Ͼ7 days postbiopsy: 89%/52%/81%/69% Ͼ14 days postbiopsy: 88%/58%/82%/69% Ͼ21 days postbiopsy: 91%/69%/88%/75% Ͼ28 days postbiopsy: 92%/75%/92%/75% Ͼ35 days postbiopsy: 95%/75%/91%/86% Ͼ42 days postbiopsy: 94%/75%/89%/86%
The peak values for PPV and plateau for specificity occurs at Ͼ28 days, after which the improvement is not as much; therefore, this may be the best time to perform the MRI as the PPV of positive margins in this study was 69% compared to 92% for MRI at day 28, which may lead to breast-conserving surgery (Table 4) . 1, [45] [46] [47] Breast Implant Rupture MRI is currently widely accepted in the realm of breast imaging as a diagnostic tool for the detection of implant rupture in women who have had breast augmentation. It is considered by some to be the diagnostic test of choice in this scenario. 13 It has higher sensitivity and similar specificity to ultrasound in detecting silicone implant rupture. 48 Current accepted uses of MRI in breast imaging are summarized in Table 1 .
MRI As a Screening Tool for Breast Cancer
Currently, MRI is not widely used as a screening tool for breast cancer. This is due to various factors, including the increased cost when compared with mammography and ultrasound, the lack of adequate studies to justify this increased cost, and the variable specificity of MRI with regards to the breast. Although MRI is extremely sensitive for most invasive cancers, it tends to be less specific. One may think that screening younger women with denser breasts with MRI may help with early detection of breast cancer. However, in this age group, the incidence of breast cancer is less than 1 in 10,000. In addition, as many as 30% of these patients will have benign disease. Because of the low specificity of MRI, in women with a low risk of having a breast cancer (eg, no family history, etc), most of the lesions picked up with MRI would be therefore be benign, resulting in a tremendous increase in unnecessary biopsies. 1 However, in women at highest risk for breast cancer, such as those with suspected or known genetic mutations (eg, BRCA 1 and 2), MRI may be useful as a screening tool. There is, however, controversy on whether MRI should be offered to these women as the primary screening tool given the fact that in some instances, mammography may detect certain lesions with more accuracy, eg, DCIS lesions.
Women with BRCA mutations tend to develop breast cancer at a younger age, when breast density is higher. Breast cancers related to BRCA 1 (as opposed to BRCA 2) mutation tend NOT to be associated with DCIS and its subsequent microcalcifications, further decreasing detection by mammography. BRCA 1 associated tumors also tend to present with a more benign appearance on mammography, with round/pushing as opposed to irregular margins. However, with BRCA 2 carriers in whom DCIS is more prevalent, mammography, which can detect microcalcifications, is a valuable screening tool. One major factor limiting the widespread use of MRI is the lack of commercial availability for MRI guided needle biopsy systems. However, MRI guided biopsy systems have been developed and are reported in the literature. In addition, as indicated above, the cost may be prohibitive. 16, 50 It may be nearly 10 times greater ($1000 compared with between $72 and $160 and $75 and $300 for MRI, mammography, and breast ultrasound, respectively). 13, [51] [52] [53] A number of studies have been performed looking at the utility of MRI as a screening tool in women at high risk of breast cancer. Warner et al, studying 236 women with BRCA mutations demonstrated that MRI combined with ultrasonography and mammography had a sensitivity of 95%, compared with only 45% when using clinical breast exams and mammography alone. 49 Kriege et al demonstrated that MRI in high risk women (ie, those with a familial or genetic risk for breast cancer) had a higher sensitivity but lower specificity than mammography. Mammography, however, had a higher sensitivity than MRI for detecting DCIS, suggesting that a combination approach may be the best. 50 A summary of several of the major studies is presented in Table 5 . 49,50,54 -58 In light of the studies exploring the use of MRI in the screening of high risk women, some researchers have explored the effect of more intensive screening protocols on patient anxiety and quality of life. Studies by Warner and Rijnsburger et al have demonstrated no adverse effect of increased surveillance on anxiety, depression, distress, and quality of life. 59, 60 Except for in patients with breast implants, both mammography and ultrasound should be performed in all patients, even if an MRI examination is performed. In addition, the evaluation of the patient should take into account not only these results but also clinical findings, ie, from clinical breast examinations.
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Conclusion
The utility of MRI in breast imaging has undergone much advancement in the last 25 years. It shows promise in many areas, including staging of breast cancers, determination of tumor size and spread, and may be a valuable screening tool for those patients with a high risk of breast cancer. It may also be of value in those patients whose breasts that are too dense for mammography, as high breast density has been shown to only minimally affect MRI sensitivity. 6 Various studies have demonstrated that although the sensitivity of MRI in detection of breast cancer is high, the specificity of this technique varies. 6 In addition, many studies have demonstrated the highest sensitivity and specificity when using a combination approach, ie, using X ray mammography, ultrasound, and MRI together when evaluating patients, especially for those who are at high risk for breast cancer. Further studies are needed to elucidate the exact role of MRI in the realm of breast imaging.
